TO ELECTROTONUS AND ITS RELATIONS TO THE EFFECTS OF REPETITIVE STIMULATION
Many investigations have been made on the effects of constant currents flowing along the spinal cord or ventral roots on the excitability of motoneurones (1, 2, 3, 5, 18, 20) . Most of their results can be understood from the general features of electrotonus known from the studies on peripheral nerves, e. g., spontaneous repetitive discharge, facilitation or inhibition according to the sign of electrotonus.
Some of them, however, especially the galvanonarcotic effect described by Scheminzky (17, 18) and the positive ventral root potential (VRP) demonstrated by Bernhard et al. (2, 3) , are hardly to be explained by our current knowledge.
This may be due to the structural complexity of the spinal cord and further analysis of the effects of electrotonus on the motoneurone seems to be necessary.
In the present research special stress was laid on the effects of the depressive cathodal action, and an approach to a possible interpretation of the central fatigue was attempted along this line.
METHODS
Spinal toads were used in most experiments and in a few spinal bull-frogs.
The recording electrodes, which were made of chlorided silver wire, were placed on the 9th or 10th ventral root, the earthed lead usually on a point where the root emerges from the spinal cord and the grid lead on an isolated cut end of the root or on a point 1cm. 
RESULTS

General features of the VRP in toads and bull-frogs
In toads the ventral root slow potential of the mono-synaptic reflex is extremely small as compared with that observable in frogs. On delivering single shocks to any afferent nerve, the motoneurones never set up efferent impulses through mono-synaptic arcs. This may be considered to be in accordance with the fact that tonic movements are prevailing in toads and the phasic myotatic reflex has poorly developed.
With more intense stimuli a slowly developing VRP of pluri-synaptic arcs appears, superimposed by impulses set up more or less violently according to the state of the spinal cord.
Besides rapid diphasic deflections, typical of propagated impulses, irregular waves which are by no means diphasic, are often present on the slow component of VRP ( fig. 2 ). These waves can be followed distally along the ventral root within a few millimeters from spinal cord, but disappear entirely from the records taken with the earthed lead moved for 5-10mm.
to distal side. The records then show only a flattened slow component with a smooth contour, superimposed by relatively few diphasic spikes. These may be identified with Fuortes (9) as the "spike-like" waves which have been found to be non-propagating, and also correlatable with the brief waves noticed by Brooks and Eccles (6) in many records of the focal synaptic potential.
We are yet uncertain, however, whether they should be attributed to localized discharges of the motoneurones or to some presynaptic phenomena spreading electrotonically to the ventral root. by a scanty bursts of spikes followed by marked. after-positivity.
On the other hand, with a polarizing current in reverse direction, there can hardly be found any sign of "fatigue," i.e., the lowering of slow, potential, by repeated stimulation.
Another example is presented in fig. 8 . In this case afferent volleys were sent in every 4 show the typical form of AET-type (cf. fig. 6 ). The preparation was found to be in a stationary state responding to subsequent stimuli with VRP practically unaltered.
The results seem to assure that the extreme catelectrotonic state induced as a result of a violent activity evoked by the first stimulus decreased gradually its intensity during the repetitive stimulation and then turned over to a state which may be duly referred to as an anelectrotonic state, although no polarizing current was actually given.
The same experiment was repeated on the same preparation one and a half hours later. This time the preparation did not come to a stationary state, but soon lost its reactivity falling into a state of cathodal depression ( fig. 9 B) . After 40 sec. rest it restored the excitability and responded in AET-type.
It may be delicately affected by various conditions mostly yet unknown, whether a repetitive stimulation would result in a stationary state or in fatigue.
Although to elucidate the mechanisms of fatigue and the recovery from it is a difficult problem which demands further strenuous research, it may be emphasized that a certain kind of fatigue is nothing but a state similar to what we call a state of cathodal depression.
The spontaneous discharge of motoneurones as a result of catelectrotonic change of soma membrane has been already described by Barron and Matthews (1) and Bremer (5) and no further discussion seems to be necessary at present. Possible accounts will be given here only of the changes in the shape of slow potential due to electrotonus.
As to the nature of the slow potential we must accept at present an idea, in agreement with Eccles (8) , that it is a manifestation of a local response at subsynaptic membrane spreading electrotonically to a ventral root. The temporal decay of the local depolarization should be conditioned by the resistance-capacity product of the surface membrane of soma and subsequent axon.
A polarizing current is known to have loosening effect under the cathode and solidifying effect under the anode on colloidal membrane (Hober, 14) . It seems natural, therefore, that a retarded time course was demonstrated in motoneurones with anelectrotonically polarized axon-hillock, and an accelerated temporal decay in case of reversed polarization. Questions arise when we consider the effect of polarization of motoneurone soma on the height of VRP. In view of the findings on peripheral nerve (Bishop and Erlanger (4), Schmitz and Schaefer (19) ), greater slow potential may be expected under AET of soma membrane than under reverse conditions. However, a comparison between the results obtained by the methods A and B indicates that this was not always the case. Catelectrotonic soma often gives higher VRP than the other, provided that the polarizing current was not too intense.
This suggests the excitability changes at synaptic membrane due to electrotonus. Granted that the local response of synaptic membrane is of similar properties as that demonstrated by Katz (16) and Hodgkin (15) in peripheral nerves, there must be also a certain threshold for eliciting minimal response.
The synaptic membrane may be affected by electrotonus in the usual manner, and in catelectrotonic state a greater number of motoneurones may be excited, resulting to show a higher VRP. In fact, polarization with ascending current in method B induced the most prominent slow potential in favourable cases (cf. fig. 4 ). As mentioned above, mono-synaptic reflex hardly appears in toad's spinal cord, so that the obtained VRP consists almost exclusively of pluri-synaptic reflex activities.
The slow potential observed in toads is therefore of complex nature, although we cannot discern exactly between the two-and three-synaptic reflexes.
The shape of VRP depends chiefly on whether the two-or the threesynaptic reflex is prevailing, rather than the time characteristic of the individual slow potential.
Polarizing currents applied to motoneurones exert a decisive influence on the shape of VRP, as was referred to in above as CET-or AETtype. The CET-type is characterized by a prominent initial part resulting from 2-synaptic reflex arcs, while the AET-type by a slow rise of VRP which suggests a predominant activity in reflex arcs including numerous interneurones ( fig. 6 ). Therefore, assuming that all synaptic foci of soma membrane are uniformly polarized by the applied current, the optimal state of the synaptic membrane where the terminal knobs of 2-synaptic reflex arcs are located must be different from that of the synaptic membrane where 3-or more synaptic reflex pathways terminate; the former must be more loosened, i.e., more catelectrotonic, than the latter.
Accordingly the latter may fall into a state of cathodal depression more easily than the former.
This was shown clearly in our results of repetitive stimulation.
From the type of VRP shown by the preparation in fig. 9 A it is inferable that it was in intense catelectrotonic state immediately after the first stimulation, and ended in anelectrotonic state, responding to further repetitive stimuli with stationary AET-typed VRP. On the other hand the same experimental procedure repeated a few hours later gave rise to a state of cathodal depression with abolished reflex activity ( fig. 9 B) . It would be a slight difference in the internal conditions of the spinal cord, which determines the fate of reflex activity in these cases.
Since the investigations of Graham (12) and Gasser and Grundfest (11, 13) on peripheral nerves, a depression in excitability is always associated with positive potential, and the same conclusion was attained also in the investigation of the cord potential (Gasser (10), Brooks, Downman and Eccles (7)). However, the most essential is the resting status of polarization, which is conditioned by various factors existing in-and outside of the excitable tissue.
If it lies approximately within the range of optimal state for activation or, in a state shifted to the anelectrotonic side from this optimal range, the positive afterpotential or the anodal polarization externally applied may cause a depression in excitability.
On the other hand if it lies in the catelectrotonic side far beyond the optimal range, a period of positivity would be correlated with supernormal excitability, while the negativity or any action of exogenic cathodal polarization would set up a depression in excitability.
In the latter case, a stationary state may be attained by repetitive stimulation when the after-positivity following each afferent volley summates one upon another and moves the resting status of polarization towards a more stable direction.
Or, if the stimulation is a little more frequent and each subsequent volley reaches a motoneurone when it is in state of after-negativity, the summation of the latter will induce a state of 2. The motoneurone ceases to elicit an efferent impulse when its soma is polarized anelectrotonically as well as when polarized catelectrotonically to a considerable extent (cathodal depression).
In the former case the slow potential shows retarded temporal decay, in contrast with its rapid decay observable in the latter case. The effects of the electrotonus on the motoneurone soma (including dendrites) and on the axon-hillock were considered separately and discussed for respective cases.
3. Repetitive stimulation seems, when it gives rise to fatigue, to shift the resting status of polarization at synaptic membrane towards increasingly depolarized state, until finally it reaches what is similar to the state of cathodal depression. Currents applied in a direction to polarize motoneurone soma catelectrotonically accelerate and emphasize the above mentioned effect of repetitive stimulation, and hinder the motoneurone to recover during a pause of stimulation. Polarizing currents in reverse direction retard or prevent the occurrence of "fatigue" in the motoneurone .
4. It is suggested that the resting status of polarization at synaptic membrane would be labile and alterable within a wide range, and that the failure of synaptic transmission under a state similar to that of cathodal depression may account for at least a certain kind of central fatigue in normal organisms.
